We present a 2+1-flavor lattice QCD calculation of the electromagnetic Dirac and Pauli form factors of the octet baryons. The magnetic Sachs form factor is extrapolated at six fixed values of Q 2 to physical pseudoscalar masses and infinite volume using a formulation based on heavy baryon chiral perturbation theory with finite-range regularization. We properly account for omitted disconnected quark contractions using a partially-quenched effective field theory formalism. The results compare well with the experimental form factors of the nucleon and the magnetic moments of the octet baryons.
I. INTRODUCTION
The ability to accurately reproduce the experimentally determined baryon electromagnetic form factors stands as a fundamental test for any theoretical description of baryon structure. This is a test which quantum chromodynamics (QCD), our theory of the strong interactions,
has not yet definitively passed [1] .
In particular, with ever-improving experimental determinations of the form factors revealing slight deviations from the phenomenological dipole form [2] [3] [4] [5] , a precise determination of these and related quantities from firstprinciples QCD is essential. Lattice simulation remains the only rigorous method to quantitatively probe the non-perturbative domain of QCD. As well as facilitating a comparison of theory with experimental data, lattice simulations provide a great deal of physical insight and valuable information for model building by revealing the dependence of hadron properties on quark mass [6] [7] [8] .
Recent years have seen a progression from quenched to fully dynamical lattice QCD studies of the electromagnetic form factors. Despite this significant advance, operator self-contractions (disconnected quark diagrams) are still often omitted from simulations as they are notoriously noisy and expensive to calculate. While in general this omission produces a systematic effect (shown to be small in Ref. [9] ), exact results may be obtained for isovector quantities, where contributions from disconnected loops cancel.
We present new dynamical 2 + 1−flavor lattice QCD simulation results for the electromagnetic form factors of the octet baryons. This data set includes results for G E/M for all outer-ring octet baryons at a range of discrete Q 2 values up to 1.3 GeV 2 . As chiral extrapolations are different for the electric and magnetic form factors, we present here an analysis of the magnetic form factor only. G E will be considered in future work.
We extrapolate the lattice results for G M , at each value of Q 2 , as a function of quark mass to the physical point. As the lattice simulations neglect disconnected TABLE I. Simulation details for the ensembles used here, with β = 5.50 corresponding to a = 0.074 (2) fm. The scale is set using various singlet quantities [13] [14] [15] . L 3 × T = 32 3 × 64 for all ensembles. The parameter κ0 denotes the value of κ l = κs at the SU(3) symmetric point. quark contractions, this extrapolation is performed using a variation of partially-quenched chiral perturbation theory. The distinguishing feature of this formalism is that valence and sea quarks are treated separately. For example, one may set the electric charge of the sea quarks to zero, removing the same disconnected quark contractions omitted in the lattice simulations [10] [11] [12] . This is termed 'connected chiral perturbation theory'. Finite-volume effects are estimated by using the leading one-loop results of the chiral effective field theory. By carrying out the lattice simulations over a range of light and strange quark masses it is possible to tightly constrain the chiral extrapolation on the relevant parameter space and obtain surprisingly accurate results for the form factors at the physical point. Those results compare quite favourably with the experimental values.
The details of the lattice simulation are given in Sec. II, while Sec. III presents the effective field theory formalism. Fits to the lattice simulation results are described in Sec. IV, followed by results for the magnetic isovector form factors, octet baryon magnetic moments and magnetic radii in Sec. V. The appendices provide further details, including tables of lattice results and functional forms for the chiral expansions.
II. LATTICE SIMULATION
Here we describe our lattice setup and summarize the standard methods used to calculate the octet baryon electromagnetic form factors. While the nucleon form factors have been investigated in many lattice studies [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , we emphasize that the results presented here also include values for the hyperon form factors, which have so far received only limited attention [24, 26, 27] . These are of significant interest both in their own right and because they provide valuable insight into the environmental sensitivity of the distribution of quarks inside a hadron. For example, one may learn how the distribution of u quarks in the proton differs from that in the Σ + , an effect caused by the mass difference of the spectator d and s quarks. Table I ). The solid line indicates the physical value of the singlet mass.
A. Simulation parameters
We use gauge field configurations with N f = 2 + 1 flavors of non-perturbatively O(a)-improved Wilson fermions. The clover action consists of the tree-level Symanzik improved gluon action together with a mild 'stout' smeared fermion action [15] . As the main aim of the work presented here is to perform a chiral (as well as infinite volume) extrapolation of the baryon electromagnetic form factors at fixed values of Q 2 , we restrict ourselves to a single lattice volume of L 3 × T = 32 3 × 64. The lattice scale a = 0.074(2) fm is set using various singlet quantities [13] [14] [15] . The lightest pion mass is about 310 MeV. A summary of the simulation parameters is given in Table I. A particular feature of the gauge configurations is that the primary simulation trajectory in quark-mass space, illustrated in Fig. 1 , follows a line of constant singlet mass m q = (m u + m d + m s )/3 = (2m l + m s )/3. This is achieved by first finding the SU(3) flavor-symmetric point where flavor singlet quantities take on their physical values, then varying the individual quark masses about that point [14, 15] .
It is clear from Fig. 1 that this primary trajectory at κ 0 = 0.120900 (where κ 0 denotes the value of κ l = κ s at the SU(3) symmetric point) does not quite match the physical singlet mass line [14] . Extrapolation to the physical point thus requires a shift not only along the simulation trajectory but in a direction perpendicular to it. To constrain the quark-mass dependence in this perpendic-3 ular direction we include additional lattice simulations at several singlet masses (i.e., values of κ 0 ). These are listed as simulations 4 − 6 in Table I and are shown in Fig. 1 .
B. Electromagnetic form factors
The Dirac and Pauli form factors F 1 (Q 2 ) and F 2 (Q 2 ) are obtained from the standard decomposition of the matrix elements of the electromagnetic current j µ :
where u(p, s) is a Dirac spinor with momentum p and spin polarization s, q = p − p is the momentum transfer, Q 2 = −q 2 and m B is the mass of the baryon B. The left hand side of Eq. (1) is calculated on the lattice in the usual way from the ratio of three-and two-point correlation functions:
where t denotes the Euclidean time position of the sink and τ the operator insertion time. In order to ensure that excited state contributions to the correlation functions are suppressed, we employ quark smearing at the source and sink and use a generous source-sink separation of 1 − 1.15 fm. This has been shown to be sufficient [25] . The two-and three-point functions are given, as in Ref. [25] , by
where 'Tr' denotes a trace in spinor space and the local vector current O is
where q( x, τ ) is a quark field and q is the threemomentum transfer. The Dirac operator Γ represents a polarization projection. For example, we use
for an unpolarized baryon or one polarized in the zdirection respectively. As the current O is not conserved, we enforce charge conservation by using 2/F p,u 1 (0) as a multiplicative renormalization on each ensemble (as explained later, the quark-level form factors are defined for quarks of unit charge). We note that quark line disconnected contributions to the three-point function of Eq. (4) are neglected in these simulations. The effect of this omission will be discussed further in the following sections. Simulations are performed with zero sink momentum and six different values of the momentum transfer q = p − p, corresponding to Q 2 up to ≈1.3 GeV 2 . For the chiral extrapolations presented in this work we consider only linear combinations of F 1 and F 2 , namely the electric and magnetic Sachs form factors:
We focus particularly on the magnetic form factor G M . 
C. Lattice results for F1 and F2
Although the primary focus of this work is the values of the magnetic form factors at the physical quark masses, with details of the chiral extrapolation of G M presented in the following sections, we display here some of the raw lattice simulation results for and the u in the Sigma is the mass of the spectator (d or s) quark. For F 1 this sensitivity increases with Q 2 . The fits shown use the 2-parameter ansätze:
where the c ij and the anomalous magnetic moment F B,q 2 (0) = κ B,q are fit parameters, while F 1 (0) is fixed by charge conservation. As we consider quarks of unit charge, F 1 (0) = 2, 1 for the doubly and singly represented quarks respectively. Clearly, the functional forms chosen provide excellent fits to the lattice simulation results.
Mean-squared radii are extracted from the Q 2 -derivatives of the form factors:
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The isovector radii for the nucleon are shown in Fig. 4 . These results are in line with those from other 2 + 1 and 2 + 1 + 1-flavor simulations [28] [29] [30] [31] [32] . We note that the other lattice simulations included here were performed at a range of values of m K . Although most results were extracted using dipole or dipole-like fits, some include a systematic uncertainty arising from that choice of fit function while others do not. This partially accounts for the large variation in the quoted errors. Tables of results  for all r 2 B,q 1,2 and κ B,q extracted from our fits are given in Appendix A.
III. CONNECTED CHIRAL PERTURBATION THEORY EXTRAPOLATION
While lattice QCD has made great progress towards a quantitative understanding of the physics of the strong interaction in the non-perturbative regime, it is often necessary to extrapolate lattice results from unphysically large simulation meson masses to the physical point. Partially-quenched chiral perturbation theory has been developed in order to address the extrapolation of partially-quenched lattice studies, which employ different values for the sea and valence quark masses.
The lattice simulations considered here, although fully dynamical, include only contributions from 'connected' insertions of the current operator. For this reason, we extrapolate the results using a formalism based on 'connected chiral perturbation theory', which is a variant of partially-quenched chiral perturbation theory.
Partially-quenched chiral perturbation theory has been widely discussed in the literature [12, [33] [34] [35] [36] [37] [38] [39] . Here we employ the heavy-baryon expansion pioneered by Jenkins and Manohar [40] [41] [42] [43] [44] . For completeness, this section summarizes our adaptation of this formalism and the relevant expressions for the magnetic form factors of the octet baryons.
A. Partially-quenched chiral perturbation theory
Details of partially-quenched chiral perturbation theory may be found in Refs. [12, [33] [34] [35] [36] [37] [38] [39] . Here we outline a special case of this formalism, termed 'connected chiral perturbation theory' [10] .
Partially-quenched QCD includes nine quarks, which appear in the fundamental representation of the graded symmetry group SU (6|3):
In addition to the three usual light quarks (u, d, s), there are three light fermionic sea quarks (j, l, r) and three spin-1/2 bosonic ghost quarks ũ,d,s . When the ghost quarks are made pairwise mass-and charge-degenerate with (u, d, s), their bosonic statistics ensure that closed q andq quark loop contributions cancel and hence such loops do not contribute to observables. Thus, if only (u, d, s) are used in hadronic interpolating fields, these quarks truly represent 'valence' quarks, while (j, l, r) appear only in disconnected loops and are therefore interpreted as sea quarks. For our application, the sea and ghost quarks are massdegenerate with their corresponding valence partners. Thus, the quark mass matrix is
As we wish to exclude all diagrams with closed quark loops from contributing to hadronic observables, we set the sea quark charges to zero. As the ghost quarks ũ,d,s must have the same charges, pairwise, as (u, d, s), the general form of the quark charge matrix is
Individual quark contributions may be extracted by setting all but one charge to zero, for example by taking
Of course, reinstating the sea quark charges by
will give a formalism which reproduces exactly full chiral perturbation theory [36] . The dynamics of the 80 pseudo-Goldstone mesons (both bosonic and fermionic) which emerge from the spontaneous breaking of the symmetry group
where
Here M , M and χ are matrices of pseudo-Goldstone bosons with the quantum numbers ofpairs, pseudoGoldstone bosons with the quantum numbers ofqq pairs, and pseudo-Goldstone fermions with the quantum numbers ofpairs, respectively. Made explicit in Ref. [37] , Φ is normalized such that Φ 12 = π + . Str denotes the supertrace. The gauge-covariant derivative is given by
While the complete partially-quenched theory includes baryons composed of all types (and all mixtures of types) of quarks, for our application we need only predominantly valence states with at most one ghost or sea quark. These are constructed explicitly in Ref. [37] . In general terms, the baryon field B ijk is constructed using an interpolating field
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The usual spin-1/2 baryon octet is embedded in B ijk for i, j, k restricted to 1-3 as
Similarly, the spin-3/2 decuplet baryons may be constructed as
where, for i, j, k =1-3, T ijk is simply the usual totally symmetric tensor containing the decuplet of valence baryon resonances. The covariant derivative takes the same form for both the octet and decuplet baryons:
Here the grading factor η k tracks the statistics of the bosonic ghost quark sector:
and the vector field V µ is defined in analogy with that in QCD:
The coupling of the 80 pseudo-Goldstone mesons to the baryons is described by
where, again in analogy with QCD,
S µ is the covariant spin vector and the brackets are a shorthand for field bilinear invariants employed in Ref. [45] , as summarized in Appendix B. By matching to the usual QCD Lagrangian for i, j, k restricted to 1-3, we make the identification
while C and H map directly to their QCD values. The heavy-baryon propagators for the octet baryon, decuplet baryon and meson are [44] 
respectively. Here
ν is a spin-polarization projector that projects out the positive spin-1/2 solutions to the equation of motion, and δ denotes the average octet-baryon-decuplet-baryon mass splitting.
B. Electromagnetic form factors
In the heavy-baryon formalism, the electromagnetic form factors G E and G M are defined by
where q = p −p and Q 2 = −q 2 . Here we focus exclusively on the magnetic form factor G M , at fixed finite Q 2 .
In the familiar formulation of chiral perturbation theory, the magnetic moments of the octet baryons in the chiral limit are encoded in the coefficients of the 'magnetic Lagrangian density' [44] :
By comparison with the standard QCD Lagrangian, we make the identification
The µ γ term contributes only when the quark charge matrix Q is defined such that Str(Q) = 0, for example when considering individual quark contributions to the magnetic moments. Terms describing the explicit symmetry breaking at leading order in the quark masses are generated by
where the shorthand for field bilinear invariants is summarized in Appendix B, and the one-loop diagrams in Fig. 5 give rise to the leading chiral nonanalyticities of the quark mass expansion.
For small momentum transfer, the standard perturbative approach would be to generate extensions of Eqs. 30 and 32, with additional derivatives, to form a series expansion in Q 2 . In the present work we are interested in the form factors over a much larger range of Q 2 than can be explored with a perturbative expansion. For this reason we consider independent chiral extrapolations at fixed values of Q 2 .
We take a model that maintains the SU(3) flavor structure of Eqs. 30 and 32. The parameters µ α,β,γ appearing in Eq. 30 are now interpreted as chiral limit form factors at some fixed Q 2 ; their numerical values may be different at each Q 2 . Similarly, the terms of Eq. 32 are associated with the symmetry breaking at fixed Q 2 .
The resulting expressions for the magnetic form factors, at some fixed finite Q 2 , may be summarized as
where m q denotes the mass of the quark q, m N represents the physical mass of the nucleon, and φ stands for any of the 80 pseudo-Goldstone mesons of our theory. The pion decay constant is f = 0.0871 GeV in the chiral limit [46] . Here the contributions from Figs. 5(a) and 5(b) depend on the integrals
and u( k) is the ultra-violet regulator used in the finiterange regularization (FRR) scheme. This choice of regularization procedure is discussed in detail in Refs. [47] [48] [49] . In short, the inclusion of a finite cutoff into the loop integrands effectively resums the chiral expansion in a way that suppresses the loop contributions at large meson masses. This both enforces the physical expectation, based on the finite size of the baryon, that meson emission and absorption processes are suppressed for large momenta and offers markedly improved convergence properties of the chiral expansion. For this analysis we choose a dipole regulator
with a regulator mass Λ = 0.8 GeV. The dipole form is suggested by a comparison of the nucleon's axial and induced pseudoscalar form factors [50] and a similar value of Λ is deduced from a lattice analysis of nucleon magnetic moments [51] . All results are insensitive to this choice; choosing different regulator forms, for example monopole, Gaussian or sharp cutoff, and allowing Λ to vary by ±20% yields fit parameters (and extrapolated results) which are consistent within the quoted uncertainties. Expressions for the coefficients α Bq , α Bq(q ) , β
Bq(φ) O
and β
Bq(φ) D
are given explicitly in Appendix C.
IV. FITS TO LATTICE RESULTS
Before fitting chiral expressions to the lattice simulation results, we perform several corrections to the raw lattice data. First, we estimate corrections for small finitevolume effects, using the leading one-loop results of the 
A. Finite-volume corrections
Finite-volume corrections are performed using the difference between infinite-volume integrals and finitevolume sums for the leading-order loop integral expressions from Sec. III. The procedure used here follows Ref. [52] . We note that before performing the finite-volume sums, the expressions for the integrands in Eqs. (34, 35) are shifted from being symmetric (meson lines with momenta k − q/2 and k + q/2, as illustrated in Fig. 5 ) to what is more natural for the lattice, namely meson lines with momenta k and k + q. The purpose is to account for the fact that momentum is quantized on the lattice.
B. Binning in Q 2
As the chiral extrapolations used here (Eq. (33)) are applicable for fixed finite Q 2 , we bin the lattice simulation results in Q 2 before fitting. The bin groupings are illustrated in Fig. 6 . Each bin corresponds to a single value of the three-momentum transfer in lattice units. The corresponding physical Q 2 values vary slightly because of the different baryon masses feeding into the dispersion relation. The largest variation is 1.29−1.37 GeV (38)) upon which the binning corrections are based. The three fits shown correspond to the three different pseudoscalar mass points along the primary simulation trajectory (simulations 1-3 in Table I ). Quarks have unit charge.
tion results. The functional form used is
where µ, d 1 and d 2 are free parameters. Several examples of the fits are shown in Fig. 7 . As the shifts are small, particularly at low Q 2 where the fit function has a larger slope, there is no dependence, within uncertainties, on the functional form chosen. The simulation results are shifted by
C. Fits to lattice results
After the lattice simulation results have been finitevolume corrected and binned in Q 2 , we perform an independent fit, using Eq. (33) , to the variation with m π for the results in each Q 2 bin. An advantage of this approach [27, 53] is that it allows the fit parameters, which are the undetermined chiral coefficients, to vary with Q 2 without the need to impose some phenomenological expectation on the shape of their variation. Values of these fit parameters are shown in Appendix D. The quality of fit at each Q 2 is good, with χ 2 /d.o.f. ≈ 0.5 − 1.4 for every fit. An illustration of the fit quality for the lowest Q 2 bin (Q 2 ≈ 0.26 GeV 2 ) is given in Fig. 8 . That figure shows the ratio of the fit function to the lattice simulation result for each data point; the 24 data points include 6 at each set of pseudoscalar masses where m π = m K (i.e., G
M and G Ξ,u M ) and 3 at each SU(3)-symmetric point. We recall that while each Q 2 set is treated as independent, the various octet baryon form factors are fit simultaneously.
Using these fits, the baryon magnetic form factors may be extrapolated to the physical pseudoscalar masses at each simulation Q 2 . For example, Fig. 9 shows results for the up quark contribution to the proton magnetic form factor, plotted along a trajectory which holds the singlet pseudoscalar mass (m 2 K + m 2 π /2) fixed to its physical value. The results display the expected qualitative behavior; as Q 2 increases (moving down the figure) , the extrapolation in m 2 π decreases in curvature. This implies that the magnetic radius of the proton increases in magnitude as we approach the physical pion mass from above. Magnetic radii are discussed further in Sec. V C.
We note that uncertainty in the value of the lattice scale a affects the values of both the form factors and Q 2 in physical units. At low Q 2 the shift in the form factors, and at high Q 2 the shift in Q 2 itself, is not negligible when varying a = 0.074(2) within the quoted uncertainties. Nevertheless, repeating the analysis presented in the following sections for a values at the extremities of the quoted range yields fits which are almost indistinguishable from those presented for the central valueessentially the points are shifted a short distance along the Q 2 fit lines -and give entirely consistent results for each quantity, even when extrapolated to Q 2 = 0.
V. ANALYSIS OF RESULTS
In this section we summarize the results of the chiral extrapolations. In particular, we focus on isovector quantities which do not suffer from corrections associated with disconnected quark loops (section V A), connected octet baryon magnetic moments (Sec. V B) and magnetic radii (Sec. V C). Comparison of the results with experimental determinations of these quantities gives some insight into the size of disconnected contributions to the magnetic form factors.
A. Isovector quantities
Isovector quantities are of particular interest as they have the advantage that contributions from disconnected quark loops, omitted in the lattice simulations, cancel. It is therefore these isovector quantities which we can determine with the smallest systematic uncertainty.
The agreement of the extrapolated isovector baryon form factors with experimental results is impressive. In particular, Fig. 10 compares the isovector nucleon form factor extracted from this analysis with the experimental determination as parameterised by Kelly [54] . While there is a tendency for the extrapolated values to be slightly high overall, the agreement, across the entire range of Q 2 values considered, is remarkable. We note that the uncertainties shown for the Kelly parameterization may be overestimated as we were unable to take into account the effect of correlations between the fit parameters.
The isovector combinations of sigma and cascade baryon magnetic form factors are shown in Figs. 11(a) and 11(b). As no experimental results are available for these form factors apart from Q 2 = 0, dipole-like fits (Eq. (38) ) to the extrapolated simulation results, as well as the experimental isovector baryon magnetic moments, are shown. Again we find fair agreement with the experimentally measured baryon magnetic moments at Q 2 = 0, even with simple phenomenological fits parameterizing the Q 2 -dependence of the form factors. It is clear, however, that slightly greater curvature in the Q 2 fit functions would improve the agreement with experiment. Isovector magnetic moments, extracted using these fits, are given in Table II .
We emphasize that lattice simulation results away from the primary simulation trajectory (see Fig. 1 ) are essential to tightly constrain the chiral extrapolations to the physical point. The effect of adding the additional offtrajectory points to the fit -a factor of ≈ 6 reduction Table I ). (38)) has been used for the Q 2 -dependence. in statistical uncertainty -is shown in Fig. 10 . This illustrates the importance for chiral extrapolations of performing lattice simulations which map out the m l − m s plane, rather than simply following a single trajectory in this space.
B. Connected quantities
As well as the isovector quantities presented in the previous section, we can determine the 'connected part' of all individual baryon form factors. Comparison of these quantities with experimental determinations is of particular interest -significant disconnected contributions to the form factors would cause a systematic discrepancy between the lattice and experimental results.
Figures 12(a) and 12(b) show extrapolated results for the connected parts of the proton and neutron magnetic form factors, compared with the Kelly experimental parameterization [54] . The level of agreement between the lattice and experimental results across the entire range of Q 2 values supports the conclusion of Ref. [9] that the omitted disconnected contributions are relatively small. the octet baryons, including dipole-like fits in Q 2 , are given in Appendix E. The magnetic moments extracted from these fits, given in Table III , are close to the experimental values, although we note once again that greater curvature in the Q 2 functional form would improve agreement with experiment.
C. Magnetic radii
The magnetic radii of the octet baryons are defined by
To evaluate this expression from the lattice simulation results, we use the dipole-like fits (Eq. (38)) shown in Appendix E. Results, compared with available experimental data, are given in Table IV . It is notable that we find consistently smaller values for the magnetic radii than those determined experimentally . (38) ) to the extrapolated lattice simulation results, compared with experimental values. 38) ), while those labelled 'general' come from the ansatz given in Eq. (40) with fixed µB. (for the nucleon) or predicted in chiral quark models (for the octet baryons) [55, 56] . This is perhaps not unexpected; comparing Figs. 12(a) and 12(b) with Figs. 16(a) and 16(b) shows that although our results are quite consistent with the experimental parameterization of the nucleon form factors where they are calculated, the bestfit dipole function has slightly less curvature. As noted in the previous sections, greater curvature in the Q 2 fit forms would improve consistency with the experimental magnetic moments for all of the octet baryons.
To improve the extraction of the magnetic radii, we consider a second functional form in Q 2 , inspired by the Kelly-style parameterizations of experimental results with a more general polynomial in the denominator:
We now fix µ B to the experimental magnetic moment, so there are again three free parameters, c, d and f . As illustrated for the proton in Fig. 13 , the quality of fit using this functional form is entirely comparable with that for the dipole-like fit. The shift in the extracted value of the magnetic radius, however, is significant, as shown in Table IV . This example confirms that truly robust predictions for the hyperon magnetic radii from lattice QCD will require results at much lower Q 2 values to eliminate the significant dependence on the functional form chosen for the Q 2 extrapolation. Nevertheless, the level of agreement of the extracted nucleon magnetic radii with experimental values indicates that, by taking the experimental magnetic moments as additional input, we have achieved the first accurate calculation of the magnetic radii of the entire outer ring of the baryon octet from lattice QCD, extrapolated to the physical pseudoscalar masses. (40), solid blue band) fits to the proton magnetic form factor. The quality of fit is comparable for both fits.
D. Quark form factors
The chiral extrapolations discussed in previous sections are in fact performed for the individual doubly and singly represented quark contributions to the magnetic form factors. Inspecting these contributions can give insight into the environmental sensitivity of the distribution of quarks inside a hadron.
Chiral extrapolations for the connected part of these quark contributions, shown along the trajectory which holds the singlet pseudoscalar mass (m 2 K +m 2 π /2) fixed to its physical value, are presented in Figs. 14(a) and 14(b) . The figures show the lowest Q 2 result, at approximately 0.26 GeV 2 . Of course, the fits shown are simultaneously constrained by the lattice simulation results for all of the octet baryons at that Q 2 . Comparison of the u quark contributions to the proton and Σ + in Fig. 14(a) shows the relative suppression of G Σ,u M caused by the heavier spectator quark in the sigma. This effect is replicated, and is more significant, when probing the singly represented quark, as can be seen by the relative suppression (in magnitude) of the u contribution to the cascade baryon compared to the d in the proton in Fig. 14(b) . Changing the mass of the probed quark -doubly represented in the proton compared with the cascade, or singly represented in the proton compared with the sigma -causes a similar effect. By performing lattice simulations on configurations which 'map out' the m l −m s plane, rather than following a single trajectory in this space, we are able to robustly constrain a chiral extrapolation of the magnetic Sachs form factor G M to the physical pseudoscalar masses at each simulation Q 2 . Systematic uncertainties are controlled by performing finite-volume corrections. The uncertainties inherent in the determination of the lattice scale a, the shape of the ultra-violet cutoff and the value of the cutoff parameter Λ in the finite-range regularization scheme are found to be negligible.
As such, the single most significant limitation of this calculation is that disconnected quark loops are omitted from the lattice simulations. For this reason isovector combinations, where contributions from disconnected quark loops cancel, are of significant interest. The nucleon isovector form factor extracted from this work compares well with the experimental results over the entire range of Q 2 values considered. It is notable that the precision of these results is such that it is foreseeable that this generation of lattice QCD simulations will rival experiment in terms of precision.
The proton and neutron magnetic form factors from this work, which include only the 'connected' quark loop contributions, agree rather well with the experimental determinations at all simulation Q 2 values. The comparison with experiment is also favourable for the magnetic moments and magnetic radii of the rest of the outer-ring baryon octet, extracted using a dipole-like form in Q 2 . This suggests that the omitted disconnected quark loop contributions are small relative to the uncertainties of this calculation.
We point out that a pure dipole form in Q 2 does not, in general, provide a good fit to the lattice simulation results. A dipole-like function with a more general polynomial in the denominator is significantly better, as described above. A comparison of nucleon observables extracted using both fit forms indicates that the dipole yields significantly poorer predictions for the magnetic moments and radii, despite the form factors matching the experimental values at larger Q 2 . This suggests that meaningful extractions of the magnetic moments and radii from lattice QCD require a more careful analysis than the standard procedure using a dipole fit in Q 
